Effects of atomic ordering on the elastic properties of TiN-and VN-based ternary alloys, 2014, Thin Solid Films, (571) elastic constants, compared to ordered structures. We attribute the low C44 values of ordered structures to the formation of fully-bonding states perpendicular to the applied stress. We find that the ductility of these compounds is primarily an effect of the increased valence electron concentration induced upon alloying.
Introduction
Transition metal nitrides are commonly employed as protective coatings in the cutting tool industry due to their excellent properties, such as high hardness and wear resistance, high melting temperature, and chemical inertness [1] [2] [3] . In particular, hard coatings prevent the surfaces of the components from being scratched and worn at extreme working pressures, thus significantly enhancing the lifetime of tools and reducing costs.
During the past two decades, development of coating materials with increasingly higher hardness has been one of the major focus areas of materials science.
Great success has been achieved using a variety of experimental approaches, which generally aim to enhance hardness by reducing the mobility of dislocations. These include, for instance, synthesis of nano-scale composites [4, 5] and vacancy-induced hardening [6] [7] [8] . Hardness may also be improved by tuning the material valence electron concentration (VEC). Jhi et al. [9] demonstrated that a VEC of 8.4 yields maximum hardness in cubic transition metal nitride and carbide alloys, as shear resistant metal-N/C d-p electronic states are fully occupied, while metallic d-d states remain empty. Hugosson et al. [10, 11] employed VEC-tuning to set the cubic and hexagonal structures of transition metal nitride and carbide alloys to equal energy, thus promoting the formation of stacking faults, which increases hardness by hindering slip across the faults.
Hard materials are less responsive to plastic deformations. This limits their ability to dissipate stresses by plastic flow, and results in crack formation and propagation leading to brittle failure. Ceramics, such as transition metal nitrides, are inherently brittle [12, 13] , and consequently, modern hard ceramic thin film coatings are prone to brittle failure, especially during in-use conditions [14, 15] , for example in cutting tool applications. It is thus a priority to design coating materials which, aside from being hard, are also ductile. The combination of hardness and ductility in a material is referred to as high toughness.
In previous studies [16, 17] , we predicted that ordered cubic Ti0.5Mo0.5N, Ti0.5W0.5N, V0.5Mo0.5N, and V0.5W0.5N alloys are not only harder, but also significantly more ductile than their parent binaries TiN and VN. The enhanced toughness in these ternary alloys was shown to be induced by the increased occupation of the metallic states at the Fermi level, due to the higher VEC obtained upon the substitution of Ti/V with Mo/W atoms on the metallic (Me) sublattice. The higher VEC not only preserves the typically strong Me-N bonds found in binaries, but enables the formation of stronger Me-Me bonds compared to TiN and VN. Overall, high VEC lowers the shear resistance and energetically promotes dislocation glide, thus leading to increased ductility.
Experimental verification of these predictions was recently provided by the synthesis and testing of cubic single-crystal V0.5Mo0.5Nx (0.55 < x < 1) thin films [18, 19] . Stoichiometric VMoN alloys are harder than VN [18] , and the hardness of VMoNx films increases with the addition of N vacancies [19] . Moreover, nanoindentation experiments conducted at constant penetration show that, while VN and TiN films systematically crack, V0.5Mo0.5N films never exhibit crack formation [18, 19] . In contrast, the alloy samples display material pile-up, due to plastic flow, in the regions adjacent to the indented area, which is characteristic of ductile materials.
The deposited VMoN films, however, show no evidence of ordering on the metal sublattice.
Single-crystal cubic-B1 V1-xWxN thin films, which is another ternary alloy we predicted to possess enhanced toughness, have also been recently synthesized in the compositional range 0 < x < 0.60 [20, 21] . These films exhibit a monotonic increase in hardness with x, of up to 55%, at x = 0.60, as well as reduced elastic modulus and increased Cauchy pressures (C12 -C44), both of which are indicative of enhanced toughness. We note that alloying TiAlN with WN has a similar effect on the hardness of TiAlWN thin films [22] , in agreement with our predictions for TiAlN-based quaternaries [23] . Local [111] ordering has been observed in V0.6W0.4N films deposited at 600 -700 ºC [20] , while films grown at higher temperatures showed no evidence of ordering. Long-range CuPt ordering on the metal sublattice was observed in Ti0.5W0.5N thin films grown on MgO(001) substrates at 500 ºC [24] .
Our previous theoretical predictions of toughness enhancements in M10.5M20.5N (M1 = Ti, V; M2 = Mo, W) alloys [16, 17] , were based on calculations carried out on structures with long-range order, closely resembling the ideal CuPt arrangement observed in Ti0.5W0.5N thin films [24] . However, the experimental results show that as-deposited cubic M10.5M20.5N films are solid solutions in most cases. To date, the effect of ordering on the metallic sublattice, on the elastic properties of these ceramics, has not been investigated. In this paper, we use density functional theory (DFT) calculations to assess the effects of varying the metal sublattice atomic arrangement, from highly ordered to fully disordered, on the formation energies and the mechanical properties of M10.5M20.5N alloys. Our results show that while the elastic properties of these alloys vary, and thus depend on the degree of order on the cation sublattice, the enhanced toughness of these compounds, as demonstrated experimentally, remains primarily a VEC effect.
Computational details
We use the Vienna ab initio simulation package (VASP) [25] to perform DFT calculations in the generalized gradient approximation of Perdew-Wang (GGA-PW91) [26] . Electron-ion interactions are described using projector augmented wave potentials (PAW) [27] . Total energies are minimized to converge within 10 -5 eV using an energy cut-off of 500 eV for the plane wave basis set. For each alloy, we investigate the physical properties of five different atomic arrangements, as shown in Fig. 1 : ordered C#1, C#3, and CuPt, a purely random arrangement, and a special quasirandom structure (SQS) [28] . The C#1 structure is the L10 variant of the rocksalt structure, as it contains alternating M1/N and M2/N (001) planes (Fig. 1a) , and has tetragonal symmetry. The C#3 structure, used in our previous studies [16, 17] consists of alternating (111) planes containing 75/25%, respectively 25/75%, M1/M2 ratios (Fig. 1b) . The C#3 structure is closely related to the CuPt arrangement (Fig. 1c) , which consists of alternating (111) planes containing 100% M1 or M2 atoms, respectively. We note that while the C#3 structure has cubic symmetry, the CuPt structure, which corresponds to L11 ordering, is rhombohedral. From the CuPt structure, the C#3 structure can be formed by rotating To assess the degree of short-range order (SRO) in our alloys we use the Warren-Cowley α parameter [31] . For pseudo-binaries M11-xM2xN, this is defined as αn In figure 2 we plot the values of the Warren-Cowley α parameter obtained for the five structures studied herein, as calculated on neighboring spherical shells extending up to ten interatomic distances (10 x dNN ~ 2 nm). As expected, the C#1, C#3, and CuPt structures are highly ordered within both short and long interatomic-distance intervals. The degree of disorder is clearly higher in the Random structure, compared to the C#1, C#3 or CuPt configurations, while the SQS arrangement is close to an ideal solid solution, and has the highest degree of disorder over the entire interatomicdistance range. of equilibrium structures, we estimate alloy formation energies ΔE according to:
The total energies of cubic and hexagonal (hex-WC) reference binaries M1N and M2N structures are calculated separately using 6x6x6 and 7x7x7 k-point grids, respectively.
Average lattice constants a are obtained from a = V 1/3 , where V is the unit cell equilibrium volume. The bulk modulus is calculated by fitting the energy-volume curve to the Birch-Murnaghan equation of state [32] . Cubic systems exhibit three independent elastic constants, namely C11, C12 and C44. With the exception of C#3 lattices, the supercells used in the present study do not possess cubic point-group symmetries.
However, by using a symmetry-based projection technique it is possible to find the closest elastic tensor with cubic symmetry [33, 34] . The projected cubic elastic constants are found as averages according to
The elastic constants are calculated by fitting energy versus strain. We use a strain of 
Elastic moduli E, G, and Poisson's ratios  are determined by means of the Voigt (V), Reuss (R), and Hill (H) expressions:
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The use of the expressions (6)- (10) for the estimation of elastic moduli allows for direct comparison with nanoindentation measurements [35] . Table 1 shows the calculated formation energies E for each alloy and atomic configuration, as well as corresponding calculated and experimental lattice constants.
Results and discussion
The values for energy per atom of the reference binaries are provided in Table 2 . A clear trend in formation energy of cubic phases, as a function of the degree of order on the metallic sublattice, is immediately observed for all alloys. In each case, the disordered SQS arrangement, followed by the Random configuration, are the most energetically favored structures at 0 K. Temperature will further promote disorder on the cation sublattice, due to increasingly larger contributions of the configurational entropy to the free energy. The positive E values obtained for B1-M1N/h-M2N mixing suggest that the studied alloys are metastable with respect to separation in the B1 and hexagonal phases. However, as demonstrated experimentally, these thin films can be synthesized in the B1 structure [19, 21, 24, 36] .
As expected, the CuPt and C#3 structures are found to have similar formation energies, with the CuPt slightly more stable. The difference in energy between ordered CuPt and disordered SQS structures, 100-130 meV/atom for VM2N and 50-60 meV/atom for TiM2N alloys, suggests that <111> atomic ordering is less likely to be achieved in the studied VN-based compared to TiN-based alloy thin films. Crystal growth by sputtering, however, is a non-equilibrium process; suitable deposition parameters can promote the formation of short-range [20] [39] . Due to the point group symmetry reduction, from a cubic solid solution to CuPt, the Ti1-xWxN (001) thin film out-of-plane lattice parameter a ┴ relaxes from 4.251 to ~4.226 Å for W concentrations x = 0.5 [24] . The measured a ┴ relaxation translates into a corresponding decrease in the relaxed average Ti0.5W0.5N lattice parameter a0 [21] , which is obtained from the expression
for which (Table 5 and Table 6 ).
At the same time, as observed for VN-based ternaries, Eh and Gh are reduced, for both TiWN and TiMoN alloys, by up to 33%. In this case, however, the largest reductions are observed in disordered configurations. Furthermore, regardless of the degree of order on the metallic sublattice, the C ̅ 44 elastic constant is reduced, as compared to the parent binary TiN, in both TiWN and TiMoN alloys. The C ̅ 44 values of TiWN alloys decrease by up to 52% (Table 5) , while those of TiMoN alloys by up to 43% (Table 6) , and in both cases, the largest reductions in C ̅ 44 are observed for ordered structures. In terms of C ̅ 11 elastic constant values, the trend in TiN-based alloys is somewhat different to that observed in VN-based alloys, in the sense that for both TiWN and TiMoN alloys, we obtain marginally higher C ̅ 11 values for ordered structures, and lower C ̅ 11 values in disordered configurations, compared to the C ̅ 11 value of the TiN parent binary. Overall, the elastic properties dependence on the degree of order, is similar for both VN-and Naturally, the changes in bulk moduli and elastic constants reported above reflect upon a number of other alloy properties, such as the G/B and Poisson ratios, and the Cauchy pressure, which are typically used to estimate the trend of ductility in materials [41] . According to the Pugh [42] and Pettifor [43] criteria, which reflect the phenomenological relationship between the elastic constants and the covalent/metallic character in chemical bonds, ductility is associated with G/B < 0.5 and positive Cauchy pressures (C12 -C44). Based on these criteria, our results clearly show that both VN-and TiN-based alloys, regardless of the degree of order on the metallic sublattice, are significantly more ductile than the parent VN and TiN binaries. For VN-based alloys (Table 3 and Table 4 The ductility trends for VN-and TiN-based alloys are illustrated in the maps shown in Figs. 3a, 3b , and 3c. The corresponding values of the parent VN and TiN binaries are also included in the panels for comparison. As can be seen in Fig. 3a , TiNbased alloys exhibit higher Gh/B ratios and lower Cauchy pressures, up to 110 GPa, compared to the VN-based alloys, here predicted to be the most ductile. This observation is consistent with the findings of our previous theoretical investigations [16, 17] , confined to the analysis of mechanical and electronic properties for alloys with highly-ordered metallic sublattices. At the same time, from Figs. 3b and 3c, it is evident that for each ternary alloy, the Cauchy pressure and G/B data set span a wide interval on the ductility maps. This is clearly a lattice configuration effect. The VN-based and TiN-based ductility trends are shown in Fig. 3b and Fig. 3c, respectively. As can be seen, the different atomic arrangements yield significant differences in the elastic properties of each ternary compound. However, no clear trend of ductility vs. order on the metallic sublattice is observable for the studied ternaries.
For example, for VN-based alloys, the highly ordered structures, C#1 and CuPt, are the most ductile, while for the TiN-based alloys, the highest ductility is obtained for the fully-disordered (SQS) and the intermediately-disordered (Random) configurations. It is also clear that the VM2N alloys and the TiM2N alloys occupy distinct regions on the ductility map, with the VN-based alloys predicted to be the most ductile. Yet, it is important to note that the least ductile configurations for VM2N alloys, and the most ductile configurations for TiM2N alloys, overlap on the ductility map, a clear effect of the degree of configurational order/disorder (see also Fig. 3a) . The fact that all alloy configurations, with such diverse atomic arrangements on the metallic sublattice, span only the ductile region of the map, demonstrates that although ordering affects the mechanical properties of TiM2N and VM2N alloys, leading even to the overlap in ductility trends mentioned above, compared to the parent binaries, their enhanced ductility, and toughness, is primarily a VEC effect.
To further investigate the effect of ordering on the metallic sublattice on the mechanical properties of these alloys, we carry out a thorough electronic structure analysis. We choose for this purpose V0.5Mo0.5N alloys, in all ordering configurations considered herein, as for these films, recently synthesized, the toughness enhancements were confirmed in severe nanoindentation tests [18, 19] . The description of the electronic structure, reported below for VMoN alloys, applies to all presently studied ternaries.
In Fig. 4 , we plot the (001)-plane charge-density maps, including contour lines, of unstrained V0.5Mo0.5N crystal lattices. For the C#1 configuration (Fig. 4a) , the electron density cut is on the (001) plane containing only Mo atoms. As can be seen in all panels (Figs. 5a -5e ), V and Mo atoms are easily distinguished by the shape of the electron distribution in their vicinity; the concentric contour lines show that the electrons are localized on V atoms, whereas the charge around Mo atoms is more delocalized. The charge distributions in all ordered configurations, C#1 (Fig. 4a) , C#3
( To complete the analysis, one needs to examine the chemical bond response to applied stresses. Fig. 5 illustrates the charge-density maps obtained for VMoN sheared structures; a trigonal strain of 10% is applied along the [111] direction. The five panels (Figs. 5a -5e) depict the charge distributions on the same cuts used for the unstrained configurations. As can be seen, upon shearing the C#1 structure (Fig. 5a ), secondnearest neighbor Mo-Mo bonds are formed along the strain orthogonal direction. As expected, in the C#3 (Fig. 5b ) and the CuPt (Fig. 5c ) arrangements, one can observe the formation of layered electronic structures, consisting of alternating high/low charge density regions, along the [11 ̅ 0]-oriented Mo and V atomic rows, as previously shown [16, 17] . Charge layers are also visible in the in the density map of the sheared Random structure (Fig. 5d) . Clearly, the formation of <110>-layered electron distributions upon shearing is a lattice ordering effect. Due to the trigonal deformation, for atomic rows The chain of d-orbitals overlapping in phase, Fig. 6c , schematically represents such a fully-bonding electronic state. In the sheared disordered SQS configuration (Fig.   6b ), the formation of metallic bonds in the strain orthogonal direction occurs only between every second Me-Me pair. This phenomenon can be illustrated by a sequence of alternated in-phase/out-of-phase d orbitals (Fig. 6d) , which give rise to electronaccumulation/electron-depletion centers located between Me atoms; this is a partially bonding metallic state. As demonstrated experimentally for disordered VMoN solid solutions [18] , the alloy ability to form partially-bonding d-states upon mechanical deformation is sufficient to enhance ductility and toughness. This fact is reflected in significantly reduced shear resistance, as well as preserved strong interatomic bonds (see high bulk moduli, Tables 3-6 ). Summarizing, alloys with disordered structures are compliant to shearing due to an electronic mechanism which is similar to that found for ordered structures, i.e. ability to dissipate high mechanical stresses by forming metallic bonds. Ordering on the metal sublattice produces the highest tensile resistances as well as the lowest shear resistances. The enhanced toughness of VN-and TiN-based ternaries, however, primarily stems from the increased VEC induced by alloying.
Conclusions
We calculate the elastic properties of V0.5W0.5N, V0.5Mo0.5N, Ti0.5W0.5N, and Table 3 . Calculated elastic properties of VWN alloys. 
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